T
here is concern about NO 3 -N losses from managed were no further increases in yield, were typically between turf areas because of negative environmental and 0.4 and 10 g cm Ϫ2 d Ϫ1 . They also reported similar results human heath effects of NO 3 -N in surface and ground for quadratic response plateau models of visual turf qualwaters. Turf areas are often fertilized according to preity. Critical values typically were between 0.3 and 19 g determined schedules, or fertilization is guided by turf cm Ϫ2 d Ϫ1 . Additionally, Desjardins et al. (1998) reported quality. It would be desirable, however, to manage N ferinitial results for a relationship between tissue-N in turftilization in response to measured soil N. Managing N grass and AEM desorbed soil N. fertilization to optimize turf quality without applying Turfgrass quality is often measured on a subjective excess N may reduce N losses from managed turfgrass visual scale. While visual ratings may be highly reliable areas. Because labile forms of N may be converted into in evaluating treatment differences, they are not compa-NO 3 -N in well-aerated soils, and NO 3 -N is the form of rable across studies or evaluators. If N management is to N preferred by turfgrasses for assimilation, soil NO 3 -N be based on quality measurements, objective quality meaconcentrations may serve as a guide for N applications.
surements must be employed. Objective quality meaOne method of measuring available soil NO 3 -N uses surements employed in turfgrass evaluations commonly AEMs. Anion exchange membranes are nearly twoinclude clipping yield and leaf chlorophyll concentradimensional strips of vinyl with anion exchange sites.
tion. High clipping yield itself may not be a desirable Because of their two-dimensional nature and small size, characteristic, but may be considered to be an overall they may be used for in situ soil NO 3 -N measurements measure of plant vitality. Chlorophyll concentration with minimal disturbance to soil and plants. They are similarly may be considered to be a measure of plant relatively easy to handle and process and can be used vitality, or may be viewed as an indirect measure of turf to monitor plant-available NO 3 -N in soil over time.
color (Pocklington et al., 1974) . Chlorophyll concentraStudies have shown that AEM desorbed NO 3 -N is tion and yield measurements, however, suffer from the related to soil NO 3 -N obtained with traditional soil exdisadvantages of being time and labor intensive. Furthertractions. These studies include correlations to extracmore, direct chlorophyll concentration measurements tion with 0.001M CaCl 2 (Qian et al., 1992) , 2 M KCl (Pare require access to a spectrophotometer, and are therefore et Subler et al., 1995) , and water (Ziadi et al., not practical for all turfgrass managers. Tristimulus chroma meters and chlorophyll reflectance meters are two tools that may be used to assess turf- (Hunter, 1975) . These color parameters may A field experiment was conducted at the University of Conbe converted to the more intuitive hue, chroma, and lightnecticut in Storrs, CT, USA, during two consecutive growing ness measurements (McGuire, 1992 The Spectrum CM 1000 (Spectrum Technologies, Inc.
that received no fall fertilizer received additional P as triple Upon removal from plots, the AEMs were rinsed lightly Chlorophyll concentration measurements in leaf tissue were taken from March to November in 2001 and 2002. For each meawith deionized water and placed individually in 60-mL HDPE bottles containing 25 mL of 1 M NaCl. These bottles were surement, leaf blades from a small section of a plot were clipped and collected. Chlorophyll extraction was performed on intact, transported immediately to the lab and shaken for 1 h in their individual bottles to desorb NO 3 -N from the AEMs. The resulfresh leaf tissue and N,N-dimethylformamide. Extracts were measured spectrophotometrically at 647 and 664.5 nm and chlotant extracts were filtered through soil analysis papers having a retention range of 8 to 12 m (Schleicher and Schuell, Keene, rophyll concentration was calculated (Inskeep and Bloom, 1985 
Statistical Analyses
taken. This was repeated for four measurements for each plot. Values of L*, a*, and b* were averaged per plot and converted Color and yield measurements for each treatment were plotted against the most recent in situ measurement of availto hue, lightness, and chroma values (McGuire, 1992) . Kentucky bluegrass turf without excess N application.
Turfgrass color measurements were plotted against other
The establishment of critical levels would allow turf color measurements of the same date and an appropriate linear or nonlinear model was generated for the pooled data of two managers to perform a soil NO 3 -N test employing the growing seasons. Because the experiment was conducted as a AEM technique, and then apply N fertilizer only if the replicated experiment, treatment averages were used for all desorbed AEM NO 3 -N value were below that critical models (Gomez and Gomez, 1984) . Linear, linear response plavalue or range of values. More studies, however, are teau, and nonlinear models were generated by the NLIN and needed to accurately estimate critical levels across a va-REG procedures of the Statistical Analysis Software package riety of soils, turf species, and management regimes, (SAS Institute, 1999 ). All models were checked for homosceand to determine if the established critical values will dasticity, normality of residuals, and independence of residuals be robust against these different conditions. From the (Tabachnick and Fidell, 2001) 
Turfgrass Responses and Experimental Design
teau models relating color measurements to AEM desorbed NO 3 -N were generated (Fig. 1) . Linear plateau It is important to note that by the design of this experiment N fertilization rates were similar among treatments, models were generated for each color measurement but not for clipping yield (for which the model was not and there was not a wide range of soil NO 3 -N concentrations for many sampling dates during the growing seaapplicable because of the data's violation of the model's assumption of homoscedasticity). Model parameters are son. Amounts of N fertilizer applied annually did not vary greatly among plots. Specifically, throughout the spring presented in Table 1 . Among color measurements, critical levels of AEM desorbed NO 3 -N ranged from 0.31 and summer, soil NO 3 -N concentrations were similar across all plots. Soil NO 3 -N concentrations tended to to 0.43 g cm Ϫ2 d
Ϫ1
. The range of these critical levels overlap with the range of critical levels for visual quality be highest during August and September (Fig. 2) , probably from increased mineralization during higher soil ratings on mixed-species turfgrass plots presented by Kopp and Guillard (2002) , although in general the crititemperatures. The highest color values, however, tended to occur in April and May, when conditions were ideal cal values of the present study are lower. This difference might be attributable to the difference in species compofor cool-season turfgrass growth, but soil NO 3 -N concentrations were relatively low. These high color measition of the two studies. Kopp and Guillard (2002) used 35% Kentucky bluegrass, 35% creeping red fescue, and surements are visible in Fig. 1 as data points above the plateau at soil NO 3 -N concentrations below critical lev-30% perennial ryegrass (Lolium perenne L.). Pseudo-R 2 values for linear plateau models of the present study els. The largest contemporaneous differences in soil NO 3 -N occurred in September and October (Fig. 2) , ranged from 0.10 to 0.44 ( Table 1 ). Considering that these models compared frequent color measurements to probably as a result of the different timing of fall fertilizer application. Because of the design of the experiment, soil NO 3 -N values across two growing seasons, and that these values were not averaged across time or adjusted these models do not necessarily predict the highest turf assumed to be linear plateau relationships. The others were assumed to be curvilinear. For curvilinear relationships, in the absence of any theoretical models governing quality measurements, a general power relationship (y ϭ a ϩ bx c ) was employed as an empirical model (Table 2) .
Measurements from both reflectance meters employed in this study-the Minolta chroma meter and the Spectrum chlorophyll meter-were significantly related to chlorophyll concentration measurements (Fig. 3, A , B, D; Table 2 ). Considering measurements from the chroma meter, CIE chroma was unrelated to chlorophyll concentration, while both CIE lightness and CIE hue were related to chlorophyll with linear plateau relationships. centrations above some critical value, about 3.4 mg g Ϫ1 in this study (Table 2) . color values for any specific date. However, they do sugMeasurements from the Spectrum chlorophyll meter, gest that for most of the growing season, turf color would however, showed no plateau with increasing chlorophyll not be improved with soil NO 3 -N concentrations beconcentration, or vice-versa ( Fig. 3, D ; Table 2 ). Howyond the indicated critical levels.
ever, by chance, no measurements with the Spectrum meter were made on plots when chlorophyll concentra-
Relationships Among Turfgrass
tions were highest. Additionally, a significant linear re-
Quality Measurements
lationship was found between measurements from the Significant bivariate relationships were found between Spectrum meter and clipping yield measurements (Tasome pairs of turfgrass quality measurements (Fig. 3) .
ble 2). This relationship suggests that the Spectrum meParameters for these relationships are shown in Table 2 .
ter measurements indicate not only chlorophyll concenRelationships that appeared to be either curvilinear or tration in leaf tissue but also possibly the density of leaf linear plateau models were initially modeled as twoblades in the sampled turf canopy. This suggestion is linear-segment models (data not shown). Those measupported by Ma et al. (1996) who found canopy reflecsurements with models in which the slope of the second tance to be related to the product of chlorophyll content and leaf area in the canopy of corn plants and by Trensegment was not statistically different from zero were chroma meter (Fig. 3 , E, F; Table 2 ). These data suggest Cerrato, M.E., and A.M. Blackmer. 1990 . Comparison of models for that the measurements from the Spectrum meter may describing corn yield response to nitrogen fertilizer. Agron. J. 82:
be considered an index of leaf hue and darkness, as well 138-143. basis, to establish small areas under a range of fertility HortScience 27:1254 HortScience 27: -1255 regimes, against which to compare other turf areas. 
